The online monitoring of active components project, under the Advanced Instrumentation, Information, and Control Technologies Pathway of the Light Water Reactor Sustainability Program, researched diagnostic and prognostic models for generator step-up transformers (GSUs). Idaho National Laboratory (INL) worked with subject matter experts from the Electric Power Research Institute (EPRI) to augment and revise the GSU fault signatures previously implemented in the Asset Fault Signature Database of EPRI's Fleet-Wide Prognostic and Health Management (FW-PHM) Suite software. The revised set of GSU fault signatures is presented in this report.
Two GSU prognostic models for the paper winding insulation, the Chendong and Institute of Electrical and Electronic Engineers (IEEE) thermal models were implemented in the Remaining Useful Life Database of the FW-PHM Suite. The Chendong model is based on the functional relationship between the degree of polymerization of the winding insulation and the 2-Furaldehyde concentration in the insulating oil. Degree of polymerization is one of the most commonly used metrics to assess the health of a transformer. The IEEE thermal model is based on thermal profiling of the transformer. By utilizing transformer load information and ambient temperature, established thermal models are used to estimate the hot spot temperature inside the transformer, which in turn is used to compute transformer winding insulation lifetime.
The estimation of remaining useful life of transformer winding insulation using both prognostic models was demonstrated at the 2014 Joint Summer Utility Working Group and EPRI Strategy Group on Productivity Meeting in Idaho Falls, Idaho.
vi (This page intentionally left blank) vii SUMMARY As nuclear power plants (NPPs) continue to age and their components degrade, it is important to understand their condition and be proactive in maintenance and replacement in order to improve plant reliability and productivity, and to reduce operational cost. The current maintenance practices at NPPs result in high maintenance costs and increased likelihood of human error. Additionally, the inability to identify developing faults can lead to either unexpected component failure and/or forced outage. Implementation of advanced predictive online monitoring (OLM) would minimize these concerns and enhance plant safety, reliability, and productivity by enabling plant maintenance engineers to diagnose incipient faults and estimate the remaining useful life (RUL) of assets.
The U.S. Department of Energy's Office of Nuclear Energy funds the Light Water Reactor Sustainability (LWRS) Program to develop the scientific basis for extending the operation of commercial light water reactors beyond the current 60-year license period. The program is operated in collaboration with the Electric Power Research Institute's (EPRI's) research and development (R&D) efforts in the Long-Term Operations (LTO) Program. The LTO Program is managed as a separate technical program operating in the Plant Technology Department of the EPRI Nuclear Power Sector with the guidance of an industry advisory integration committee. Both the LWRS and LTO programs work closely with nuclear utilities to conduct R&D in technologies that can be used to ensure long-term reliability, productivity, safety, and security of aging light water reactors.
Under the Advanced Instrumentation, Information, and Control Technologies Pathway of the LWRS Program, the OLM of active components project at Idaho National Laboratory (INL) focuses on research, development, and implementation of diagnostic and prognostics models for generator step-up transformers (GSUs) and emergency diesel generators (only diagnostic models were developed in case of emergency diesel generators). EPRI is leading the effort to achieve the project objective in collaboration with INL, using EPRI's Fleet-Wide Prognostic and Health Management (FW-PHM) Suite software (version 1.2.0) for predictive OLM of active assets in the nuclear industry. The FW-PHM Suite software is an integrated suite of web-based diagnostic and prognostic tools and databases that allows maintenance staff to perform diagnosis and prognosis at different hierarchical levels, from the component level to the plant level, across a fleet of power units.
In the fiscal year 2014, INL performed the following research activities:
• Development and implementation of additional GSU fault signatures (diagnostic models) in the FW-PHM Suite software
• Validation of implemented GSU fault signatures by subject matter experts from EPRI
• Identification of Type II prognostic models to estimate GSU winding insulation lifetime
• Implementation of two GSU prognostic models, i.e., RUL signatures, in the RUL Database of the FW-PHM Suite to allow estimation of GSU winding insulation lifetime by the RUL Advisor
• Demonstration of the prognostic capability of the FW-PHM Suite software at the Joint Summer Utility Working Group and EPRI Strategy Group on Productivity Meeting Idaho Falls, Idaho.
Aging of transformer winding insulation is an important concern in the asset management of transformers. The actual state of the insulation in the transformer can only be determined by a tear-down inspection. However, the state of the winding insulation can be inferred from knowledge of parameters or stressors that are correlated to the insulation degradation. Two GSU prognostic models, the Chendong and IEEE thermal models have been implemented in the RUL Database of the FW-PHM for insulation lifetime prediction. The Chendong model is based on the functional relationship between the degree of polymerization and 2-Furaldehyde (2FAL) concentration in the insulating oil. The IEEE thermal model is based on thermal profiling of the transformer. By utilizing transformer load information, established viii thermal models are used to estimate the hot spot temperature inside the transformer, which in turn is used to compute transformer winding insulation lifetime.
In fiscal year 2015, INL plans on the following research activities:
• Expand implementation of prognostic models for GSUs (or other relevant active components, such as electric motors) in collaboration with EPRI and partner utilities
• Research the development of meaningful uncertainty estimates for RUL models.
ix Figure 6 . 2FAL formation at low oxygen and water in oil and at high oxygen and water in oil (Emsley et al., 2000b 
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INTRODUCTION
More than two-thirds of the existing commercial nuclear power plants (NPPs) have received license extensions to 60 years from the original 40-year license. As the fleet of NPPs in the United States continues to age, it is important to understand the condition of their aging components and be proactive in maintenance and replacement. The current practice of periodic and condition-based maintenance at NPPs could result in high repairs costs, primarily due to unexpected component failure and forced outage. Implementation of advanced predictive online monitoring (OLM) would enable plant maintenance engineers to diagnose incipient faults and estimate the remaining useful life (RUL) of their assets. Knowledge of asset health gained from predictive OLM would help in optimizing maintenance activities, ultimately leading to maintenance cost reduction. Technology Department of the EPRI Nuclear Power Sector, which is guided by an industry advisory integration committee. Both the LWRS and LTO programs work closely with nuclear utilities to conduct R&D in technologies that can be used to ensure long-term reliability, productivity, safety, and security of aging light water reactors.
Implementation of predictive OLM of essential assets in the existing fleet of NPPs is supportive of the long-term objective of both the LWRS and LTO programs. Predictive (also known as proactive) maintenance requires predicting the future operating state of an asset based on the current state and historic operating conditions. For example, the consequence of running a transformer for an extended period with a high oil temperature is an unacceptable loss of dielectric strength of the insulating oil. Accurate estimation of a transformer's RUL accounting for high temperature operating conditions would help maintenance staff take appropriate actions to prevent costly unplanned outage. Taking the lead in predictive OLM research, EPRI has developed the Fleet-Wide Prognostic and Health Management (FW-PHM) Suite software (currently at version 1.2.0) for predictive OLM of assets in the power industry. The FW-PHM Suite software is an integrated suite of web-based diagnostic and prognostic tools and databases that enables maintenance staff to perform diagnosis and prognosis at different hierarchical levels, from the component level to the plant level, across a fleet of power units.
During fiscal year (FY) 2013, INL performed a content development exercise including implementation of technical examinations, fault features, and fault signatures in the FW-PHM Database for generator step-up transformers (GSUs) and emergency diesel generators. The fault signatures were created as a result of working closely with subject matter experts from industry, partner utilities, EPRI, and EPRI's partners/subcontractors. The culmination of the work in FY 2013 was a live demonstration of the diagnostic capacity of the FW-PHM Suite for GSUs and EDGs (Agarwal et al., 2013) . Along the way, extensive beta testing of the FW-PHM Suite software was completed.
In continuation of previous efforts, the focus in FY 2014 has been augmenting and validating GSU fault signatures, and researching prognostic models applicable to a GSU in order to demonstrate the prognostic capability of the FW-PHM Suite. Together, the diagnostic and prognostic capabilities of the FW-PHM Suite can be used to provide a complete assessment of the operating condition of the transformer. Knowledge of degradation mechanisms and their indicators is needed to create prognostic models that predict the RUL of the asset based on its operating history and projected operating conditions. Transformer paper winding insulation degradation is one of the most common limiting factors to transformer life expectancy. Temperature is one of the primary stressors that contribute to insulation aging. Paper insulation degradation produces chemical byproducts that can be detected in the oil and used to determine the health of the insulation.
Two prognostic models for transformer paper winding insulation degradation were researched and implemented in the FW-PHM Suite. The Chendong model estimates degree of polymerization of the transformer winding insulation based on the concentration level of 2-Furaldehyde (2FAL), measured by oil analysis. The IEEE thermal life consumption model estimates the hot spot temperature in the insulation at a given transformer load and ambient temperature. RUL is then calculated based on the degree of polymerization or hot spot temperature, respectively. The prognosis capability of the FW-PHM Suite software was demonstrated at the 2014 Summer Utility Working Group meeting, which was held in Idaho Falls, Idaho. In the demonstration, INL researchers along with EPRI showed the prognostic capability of the FW-PHM to predict the RUL of a GSU using both the Chendong and IEEE thermal life consumption models.
The project progress and status of research activities for FY 2014 are presented in this report. A brief introduction to the FW-PHM Suite is presented in Section 2. Section 3 briefly summarizes the fault signature validation efforts for the GSU transformer. The RUL models based on insulation degradation are described in Section 4. Implementation of the prognostic models in the FW-PHM Suite is presented in Section 5. The status of the pilot project and future research are provided in Section 6. For the purposes of this report, the term insulation refers to "transformer winding paper insulation" unless otherwise stated.
Remaining Useful Life Database
The RUL Database organizes asset RUL signatures (i.e., models) collected from across the industry. At the most basic level, a RUL signature is comprised of an asset type, a model type, and model calibration parameters. The model type definition includes definition of the input variables needed to run the model. Subject matter experts from the power industry, EPRI, and EPRI's partners/subcontractors will most likely develop RUL signatures. Figure 2 shows the modules available in the FW-PHM Suite software.
Remaining Useful Life Advisor
The RUL Advisor calculates RUL for an asset based on the model type, model parameters, input process parameters, and diagnostic information (from the Diagnostic Advisor). The engineering staff and plant management who plan long-term corrective or replacement actions would use the RUL Advisor. The FW-PHM Suite uses fault signatures as a structured representation of the information that an expert would use to first detect and then verify the occurrence of a specific type of fault (EPRI, 2012) . A fault describes a particular mode of degradation that can be detected by analysis of plant information before the asset fails to meet a service requirement. Implied is an assumption that the fault is detectable by analysis of plant information and that the analysis can be performed in time to prevent or otherwise remedy the fault condition before it becomes a failure condition.
Diagnostic fault signatures are developed for application to a specific type of asset and are therefore organized with reference to that type of asset. However, it is desirable to specify fault signatures as broadly as possible to be used in the entire industry. Many of the fault signatures defined in this research can be applied to comparable assets used in similar service environments.
FAULT SIGNATURE VALIDATION
EPRI has initiated a FW-PHM Suite Software User's Group to develop content for the AFS Database in the FW-PHM Suite. The goal of the User's group is to develop fault signatures for several key active components in NPPs. INL is responsible for developing content for the GSU transformer. Content management for the asset fault signatures is provided by EPRI.
During FY13, seven fault signatures were implemented in the FW-PHM Suite for the GSU transformer based on a knowledge transfer exercise with Duke Energy and available literature (Agarwal et al., 2013) . Fault signatures for a specified asset must include, at a minimum, a fault description and associated fault features. Fault features represent a unique state of one or more parameters indicating a faulty condition; these parameters come from technical examinations of the asset.
Based on input from EPRI, the fault signatures for GSUs were expanded to include the major diagnostics listed in Chapter 9 of EPRI's copper book (EPRI, 2011) . Table 1 lists 12 additional fault signatures implemented for GSU systems. Erratic operation INL interacted several times with EPRI subject matter experts on transformers to vet the fault signatures. Each signature was evaluated for its utility, and the effectiveness of each technical examination was reassessed. The final set of fault signatures delivered to EPRI and Expert Microsystems for evaluation before inclusion in the master database contained in APPENDIX B.
PROGNOSTIC MODELS FOR AGING TRANSFORMER WINDING INSULATION
Aging of transformer winding insulation is an important concern in the asset management of transformers. High-voltage power transformer conductor windings are insulated by a combination of cellulose paper and an insulating mineral oil, and are expected to operate reliably for up to 40 years. The composition of insulation grade paper is approximately 90% cellulose, 6-7% hemicellulose and 3-4% lignin. The natural humidity of paper is 4-5% by weight, and the insulation is dried after winding to less than 0.5%. The dried paper is impregnated with mineral oil, which increases its dielectric strength and also serves to cool the windings (Emsley, 1994) . Cellulose is a natural polymer of glucose and degrades slowly as the polymer chains break down during service, releasing degradation products that dissolve in the insulating oil.
Transformer Winding Insulation Degradation
There are several factors that contribute to transformer winding insulation aging. Among all factors, temperature is generally the most important factor contributing to winding insulation aging; temperature influences not only the aging of the paper, but also aging of the oil. It is commonly accepted that mineral oil impregnated cellulose in insulation ages with time and the aging doubles for every 6-8ºC increase in temperature (Lundgaard, 2008) . Electric load losses occur primarily in the transformer windings, causing thermal stress in multiple transformer components. This leads to aging and decomposition of paper insulation material and cellulose. As the paper insulation ages, it loses some of its mechanical strength, becoming more susceptible to tearing or bursting under stress caused by through-faults or vibrations of the operating transformer. Once mechanical damage of the insulation has occurred, movement of the conductors is likely, resulting in changing voltage stresses and electrical discharge. These eventually could lead to catastrophic failure in the transformer.
The three mechanisms that lead to transformer winding insulation degradation are oxidation, hydrolysis and thermolysis. Thermolysis is predominant at temperatures above 120°C, which are usually limited to local defects (e.g., winding hot spot). The degradation mechanisms are described as follows (IEEE 2012):
• Oxidative degradation -a reaction between cellulose molecules and oxygen that produces moisture and weakens the glycosidic bonds of cellulose molecule
• Hydrolytic degradation -a reaction between cellulose molecules and water that produces free glucose, carbon monoxide (CO), and carbon dioxide (CO 2 )
• Thermal degradation -a chemical reaction caused by heat breaking glycosidic bonds and opening glucose rings. This reaction also produces moisture, CO, and CO 2 .
The mechanisms described above break and weaken cellulose molecules in paper insulation, leading to reduction of its degree of polymerization (DP). Each split in the cellulose chain liberates a glucose monomer, which undergoes further chemical reaction and becomes one of several furanic compounds (Chiem et al., 2012) . When moisture or oxygen are present in the insulation, the activation energy of the chemical reaction in hydrolysis is reduced , causing degradation leading to accelerated insulation decomposition even at 70°C. Degradation also releases larger molecules such as 2FAL, which can be detected in the oil and could give a more specific indication of the condition of the paper. The formation of 2FAL content in the insulating oil lowers the average DP of the paper which in turn leads to loss of tensile strength of the paper, making transformer insulation more susceptible to physical damage.
The DP value of the insulating paper is considered to be the most reliable approach in determining the condition of transformer insulation. However, direct measurement of DP requires taking the transformer out of service. Therefore, degradation of aged insulation is assessed by detection of oil-soluble decomposition products. These include CO, CO 2 , methanol, and furan.
Carbon monoxide and Carbon dioxide are mainly produced by the oxidation of paper under normal operation (CIGRE, 2009 ). The concentration of CO and CO 2 in oil cannot be used to directly predict the paper's RUL, but can be used as an indication of an overheating fault. According to the IEC Standard (1999), a ratio of CO 2 to CO less than 3 indicates a sudden increase in CO production due to abnormal paper aging. The practical use of CO and CO 2 could be argued in three aspects. First, CO and CO 2 are not only produced by cellulose paper. Oil oxidation also produces significant amounts of CO and CO 2 , which makes them imperfect candidates as indicators of insulation condition (CIRGE, 2009) . Second, the concentrations of CO and CO 2 produced are unstable (De Pablo and Mollmann, 1996) . Third, at elevated temperatures, the diffusion rate of CO from paper to oil is higher, which will result in a misleadingly high concentration of measured CO (Shahsiah et al., 2007) . As a consequence, a false alarm could possibly be triggered leading to an inaccurate assessment of the cellulose paper's condition.
Methanol is only produced by cellulose paper aging and is regarded as a possible candidate for assessment of insulation aging (Jalbert et al., 2012) . The study of methanol as an aging indicator is in the beginning phases of R&D; there is not enough field experience to guide transformer operation and maintenance. Laboratory aging experiments show the kinetics governing the formation of methanol is similar to furan. At a higher DP range (between 1,200 and 700) the concentration of methanol has been found to be higher than furan, which makes methanol a good indicator to detect early aging (Schaut et al., 2011) . However, methanol in field transformer oil is also subject to migration between paper and oil, similar to furan, which complicates its application as percentage of migration for different temperature ranges has not been established (Schaut et al., 2011) .
Furans are one of the most important age-related by-products of cellulose paper aging. The study of furan formation dates back to 1980 (Burton et al., 1988) . It has been shown by aging experiments that no furan is produced in a blank oil sample (i.e., oil with no paper insulation). When a cellulose chain breaks down during paper aging, the chain liberates a glucose monomer, which undergoes a further chemical reaction to form furanic compounds (Cheim et al., 2012) . Therefore, furan concentration is directly related to insulation paper degradation.
Furans are rapidly produced during paper pyrolysis at very high temperatures. At typical transformer operating temperatures, the primary mechanism of furan formation is paper hydrolysis . Five main furanic compounds have been identified in transformer insulating oil, namely 2-Furaldehyde (2FAL), 2-Acetylfuran (2ACF), 5-Methyl-2-Furaldehyde (5MEF), 2-Furfurol (2FOL), and 5-hydroxymethyl-2-furaldehyde (5HMF).
The actual state of the insulation in the transformer can only be determined by a tear-down inspection. However, the state of the insulation can be inferred from knowledge of parameters or stressors correlated with insulation degradation. Two prognostic models are presented in detail here for insulation life prediction. The Chendong model exploits the release of furanic compounds, estimating DP based on 2FAL, and then predicting remaining useful life. The IEEE thermal model estimates hot spot temperatures based on transformer loading and ambient temperatures, and uses the hot spot temperature to estimate life consumption. Both the Chendong and thermal models are considered life consumption models.
Chendong Model
The thermal loads occurring during operation principally determine the operational life span of a transformer, and insulation paper degradation is critical in determining the ultimate life of the insulation system. No satisfactory life prediction methodology for paper insulation in transformer windings is available to date, as disagreement on what constitutes an end-of-life criterion exists. Among different life prediction methodologies, measuring the DP value of the insulating paper is considered to be the most log(2 ) = 1.51 0.0035 The Chendong model could empirically reflect if a transformer is subjected to normal, abnormal or slow aging. Normal aging is a kind of aging that occurs during a long period of operation under normal conditions, i.e., at rated load and temperature. In addition, relatively even degradation throughout the transformer insulation implies normal aging. Abnormal aging might result from fast aging of overall insulation due to high operating temperature, heavy load, etc., or from the partial overheating due to unreasonable design and manufacture.
A functional relationship between operating time and 2FAL concentration was established based on varying operating conditions of 77 step-up generator transformers (Chendong, 1991) , along with confidence bounds. The confidence intervals are a function of operating time ( ) and are expressed as:
log(2 2 ) = −2.37 + 0.058
The 2FAL contents (mg/l) in the insulating oil measured from the step-up transformers should be within the regions defined by Equations (4), (5), and (6), corresponding to normal, abnormal, and slow aging zones, respectively. Details on the derivation are given in (Chendong, 1991) . 
Many modifications to the Chendong model are proposed in the literature. The discussion on these models is beyond the scope of this report, however they are summarized in APPENDIX A. One of the major limiting factors of the Chendong model and its variations is they are independent of spatial temperature variation, so they cannot take into account local effects such as hot spots where degradation is accelerated. As mentioned, temperature is one of the major factors affecting the formation of 2FAL content in the insulating oil.
Remaining Useful Life
The empirical formulation in Equation (7) is used to compute the elapsed insulation life of a transformer given the DP estimate obtained from Equation (1) Elapsed life (in years) = 20.5
where DP 0 is the degree of polymerization of a new (un-aged) transformer and DP is the degree of polymerization of transformer at time t. In Equation (7), the value 20.5 is the minimum normal insulation life expectancy of 180,000 hours is required (~20.55 years) as per IEEE Std. C57.12.00-2010.
IEEE Thermal Life Consumption Model
The IEEE thermal life consumption model presented here has been developed for mineral-oil-immersed transformers and step-voltage regulators with insulation systems rated for a 65°C average winding temperature rise at rated load. A transformer's life span is determined mainly by the solid insulation system's mechanical resistance to withstand a short circuit. As a result, the transformer life is usually defined as the total time between the initial state with new insulation and the final state for which dielectric stress, short circuit stress, or mechanical movement could cause an electrical failure (likely a short circuit) for a given temperature of the transformer insulation. A power transformer is expected to operate up to 40 years. Per 5.11.3 of IEEE Std. C57.12.00-2010, a minimum normal insulation life expectancy of 180,000 hours is required (~20.55 years).
The IEEE thermal life consumption model estimates the hot spot temperature in the insulation at given transformer load and ambient temperature, which in turn is used to estimate the life spent (or equivalent RUL) of transformer insulation.
Hot Spot Temperature Calculation
IEEE standard C57.91-2011 presents two different models for calculation of hot spot temperatures. The model presented here is a simplified model that calculates oil and winding temperatures for changes in load. The alternate method is more exact, but requires an iterative solution of equations. If load, ambient temperature, and tap position can be determined accurately, the alternate method should provide accurate results. Details can be found in (IEEE, 2012) .
Transformer Load
The majority of loading mineral-oil-immersed transformers and step-voltage regulators are designed to be able to carry the nameplate rated load with insulation systems rated for a 65°C (or 55°C) average winding temperature rise. A transformer supplying a fluctuating load generates a fluctuating loss ( Figure 8 ) which incurs approximately the same damage as an intermediate constant load over the same period of time. This is due to the heat storage characteristics of materials in the transformer. A constant load that generates the same total losses as a fluctuating load is deemed an equivalent load from a temperature standpoint. The equivalent load for any part of a daily load cycle can be expressed by
where each step load is held constant for duration . The transformer's load ratio ( ) is the ratio of the actual load ( ) to the rated load ( ) = (9) Applications of loads in excess of the nameplate rating involve some degree of risk because of the increase in average winding temperature including the hot spot. Operation at high temperature will cause reduced mechanical strength of both conductor and structural insulation, and subsequently accelerate the insulation degradation rate. These effects are of major concern during periods of transient overcurrent (through-fault), when mechanical forces reach their highest levels.
Heat Generation: As transformers operate, heat is generated in both the core and the windings. This heat represents the transformer losses, which increase exponentially as the load through the transformer increases. There are two types of transformer losses: no-load losses, which occur simply because the transformer is energized; and load losses, which vary with the transformer's loading. The no-load losses include dielectric loss, conductor loss in the winding due to exiting current, conductor loss due to circulating current in parallel winding, and core loss, which is the power dissipated in a magnetic core subjected to a time-varying magnetizing force (hysteresis and eddy current losses of the core). The load losses, which vary with the square of load, include stray loss and I 2 R loss in the winding due to load and eddy currents. All losses in a transformer vary with temperature, and are therefore specified at a reference load and winding temperature. 
Time (hours) Load Ratio (%)
The total power losses are the sum of the no-load losses and the load losses. At rated load, the total power loss is given by the sum
where is the winding 2 loss at rated load, is the eddy loss of windings at rated load, is the stray loss at rated load, and is the core (no-load) loss (all values are in watts).
Heat removal: It is critical for safe operation of a transformer that the generated heat be removed, especially at higher load conditions. If generated heat is not removed, premature aging of the transformer will occur due to degradation of the paper insulation inside the transformer, ultimately causing transformer failure. The performance of the transformer cooling system depends on material properties impacting heat transfer such as specific heat or heat capacity, relative density, thermal conductivity, and fluid viscosity. These properties determine how well the fluid will move to the hot spot, absorb the excess heat, transport the heat to the shell of the transformer, and dissipate the heat to the atmosphere. These material properties vary with temperature.
Fluid viscosity ( ) is highly temperature dependent. The fluid viscosity at any temperature ( ) is given by an equation of the form:
where the constants and are tabulated in Table 3 . Temperature for calculating viscosity can be estimated for winding oil as = ( + )/2 or for hot spot oil as = ( + )/2. In order to increase the load that can be carried on existing self-cooled transformers, auxiliary cooling equipment is usually added (e.g., fans, external forced-oil coolers such as pumps, or water spray equipment). Table 4 presents typical transformer cooling modes. These cooling modes determine removal rate of the heat generated from the transformer losses and are the primary factors for temperature calculation. Table 4 . GSU cooling modes.
Cooling modes Description ONAN -oil natural and air natural Natural convection flow of oil through windings and radiators. Natural convection flow of air over tank and radiators. ONAF -oil natural and air forced Natural convection flow of oil through windings and radiators. Forced convection flow of air over radiators by fans. ODAF -oil directed and air forced Forced oil flow through windings and radiators or heat exchanger by pumps. The oil is directed from the radiators or heat exchangers into the windings. The air is forced over the radiators or heat exchanger by fans. OFAF-oil forced and air forced Forced oil flow through the radiators by one or more pumps. The oil is forced to flow into the tank by the pumps; however the main forced oil flow in the tank bypasses the windings. The air is forced over the radiators or heat exchangers by fans.
OFWF -oil forced and water forced
Forced oil flow through the radiators by one or more pumps. The oil is forced to flow into the tank by the pumps; however the main forced oil flow in the tank bypasses the windings. The water is forced over the radiators or heat exchangers by pumps.
Ambient temperature
The ambient air temperature seen by a transformer is the temperature of the air in contact with its radiators or heat exchangers. Ambient temperature is an important factor in determining the load capability of a transformer since the temperature rises for any load must be added to the ambient to determine operating temperatures. The reference value of the ambient temperature is 30°C. Whenever the actual ambient can be measured throughout the loading period, ambient temperature equals the time averaged ambient temperature for normal loading conditions, and maximum ambient temperature for overload conditions. In either case, adding 5°C will yield a more conservative aging result.
Temperature calculation
The transformer loading equations use the top-oil temperature rises over ambient to determine the winding hot spot temperature during an overload. Note this model can be best used for the steady-state loading conditions (e.g., a two-step overload cycle with a constant equivalent prior load and ultimate load as shown in Figure 8 ). For transient conditions, the oil temperature adjacent to the hot spot location is higher than the top oil temperature in the tank. For the ONAN and ONAF cooling modes, these phenomena will lead to winding hot spot temperatures greater than predicted by this model.
The hot spot temperature ( ) is given by:
where is the ambient temperature, ∆ is the top oil temperature rise over ambient, and ∆ / is the hot spot temperature rise over top oil. Given the ambient temperature, the two remaining terms of the hot spot temperature are calculated below.
top-oil temperature rise
The top-oil temperature rise (∆T TO ) over ambient for time duration following a step load change from to is given by the following exponential expression
where ∆ , is the initial and ∆ . is the ultimate top-oil temperature rise over ambient, and is the top-oil thermal time constant, which represents the temperature transient time from ∆ , to ∆ . . The initial and ultimate top-oil temperature rise over ambient are given by:
� and
� (14) where is the ratio of load loss at rated load to no-load loss on the tap position to be studied (either provided or calculated from given load losses) and is an empirically derived exponent used to account for the effects of changes in resistance with each change in load. Values of the exponent are listed in Table 5 for different cooling modes.
The top-oil thermal time constant is given by
where , is the top-oil thermal time constant at rated load, which is given by
where , is the transformer total loss in (W) and C is transformer thermal heat capacity in (W-h/°C). The top-oil time constant at rated load might be given for particular transformer. 
Hot spot temperature rise
The transient winding hot spot temperature rise over top-oil temperature (∆ / ) is given by
The initial (∆ , ) and ultimate (∆ , ) hot spot rise over top oil is given by
For moderate overloads it is conservative to neglect the winding time constant τ W = 0 (usually 3-7 minutes) and the transient winding hot spot temperature rise over top-oil temperature can be expressed as:
The exponent m is used to account for changes in load loss caused by changes in temperature. Values for the exponents used in these equations are shown in Table 5 ( IEEE, 2012) . Exact values of the exponents for specific transformers may be determined by overload test procedures in IEEE Std. C57.119. Table 6 shows an example of the parameters needed for hot spot temperature calculations for a 187 MVA transformer with directed oil and forced air/water cooling mode (IEEE, 2012). 
Remaining Useful Life
As stated in the Section 4.2.1, there is a known correlation between insulation DP level and tensile strength. A reduction of the tensile strength to 50% of its original value corresponds to a 75% reduction of the DP value, indicating a full loss of mechanical strength. Temperature is the most important contributor to the reduction rate of insulation paper DP, especially at the defective location with the hot temperature. Therefore, the insulation deterioration for a GSU can be expressed as function of the hot spot temperature following an adaptation of the Arrhenius reaction rate equation as follows:
where the constants A = 9.8 × 10 −18 and = 15,000 for 65°C average winding temperature rise insulation systems at rated load, and is the hot spot temperature.
Aging acceleration factor: For a given hot spot temperature, the rate at which transformer insulation aging is accelerated compared with the aging rate at a reference hot spot temperature (e.g., factor > 1 when T H > 110°C and vice versa). The per unit transformer insulation life function can be used as a basis for calculating an aging acceleration factor (F ) for a given load and temperature, or for a varying load and temperature profile. The reference value of T H is 110°C for 65°C winding rise. Subsequently, for 65°C winding rise GSU the aging accelerator is given by Table 7 displays the Per Unit Life and Aging Acceleration Factor values for different hot spot temperatures. It shows that these values are very sensitive to hot spot temperature. It also indicates the degree to which the rate of aging is accelerated beyond normal for temperature above a reference temperature of 110°C and is reduced below normal for temperature below 110°C. Equivalent aging at the reference hot spot temperature in a given time period is the time-averaged aging factor:
The percent loss of life is calculated from the equivalent aging in hours at the reference hot spot temperature over a time period t (usually 24 hours) as
This percent loss of life represents the equivalent life (at rated load for the specified time period) that the transformer lost when it operated at the actual load profile. Assuming normal insulation life is 180,000 hours, and the percent loss of life for operation at a rated hot spot temperature of 110°C for 24 h is 0.0133%.
Alternatively, the transformer insulation RUL can be calculated as
RUL can be expressed as function of the hot spot temperature by substituting Equation (22) for the aging acceleration factor using the calculated hot spot temperature.
IMPLEMENTATION IN FW-PHM
The procedure for implementing new prognostic models in FW-PHM is detailed in Expert Microsystems(2012). Expert Microsystems provided INL with a Microsoft Visual Studio C# project used to implement a linear prognostic model. The project was pre-configured to create the web service required to implement a model in the FW-PHM software. The project was adapted to be able to calculate RUL using the non-linear Chendong and IEEE models. The implementation of each model in FW-PHM includes the following steps: programming the model and publishing it as a service; adding the model type to FW-PHM; defining the technical examinations required as model inputs; and creating a RUL signature for the asset in question, including parameter values. The RUL Advisor can then be used to estimate RUL. Implementation of the Chendong and IEEE models is detailed in the sections below.
Implementation of the Chendong Model
The Chendong model was implemented at a component level for the main transformer primary winding insulation. The model uses two calibration parameters, one for the minimum life of transformer winding insulation (in years) and the second for the degree of polymerization when the transformer was placed in service. The single input to the model is the measured 2FAL concentration in ppm.
The RUL model type was implemented in FW-PHM at service reference http://127.0.0.1:9896/Chendong/Chendong.svc. A screen shot from the model type definition is seen in Figure 9 . A test scenario was run to ensure the model implementation was accurate. Assuming 2FAL concentration is 0.6 ppm, DP is estimated to be 494.8. This leads to a usage of 17.3 years, and RUL of 3.2 years. Results from FW-PHM, seen in Figure 12 , show a Mean RUL of 3.2 years. The upper and lower bounds on RUL were calculated simply as 1.05 and 0.95 times the average RUL, respectively. Ideally, a more meaningful system would be used to calculate the upper and lower bands. 
Implementation of the IEEE Thermal Life Consumption Model
The IEEE Life Consumption model is also implemented at a component level for the main transformer primary winding insulation. The model uses nine calibration parameters, one single input value, and two time-series input values for load and ambient temperature. XML based technical exams were defined for each of the three inputs. The technical exam for current usage (Figure 14) , an estimate of elapsed life prior to the current data set, has a numeric value result type. The technical exams for load and ambient temperature profiles (Figure 15, Figure 16 ) are defined to have a numeric series result type. By defining these exams with the numeric series result type, the user will be prompted to input values from a comma separated value file. All three technical exams were defined at the equipment level for a voltage transformer. The RUL signature definition used for the demonstration is seen in Figure 17 . The parameters selected for the signature were taken from examples in the (IEEE 2012) . In order to demonstrate the model, a data set was fabricated using average ambient temperatures from Idaho Falls, Idaho between June 1, 2013 and August 1, 2014. The load and temperature profiles are seen in Figure 18 . The left (blue) axis is the load ratio (i.e., the ratio of the actual load to the rated load), and the right (green) axis is ambient temperature. The model calibration parameters are described in Table 8 . Figure 18 . Load and ambient temperature profiles. Figure 19 shows the RUL estimate based on this data. The load ratios are relatively high for this data set, and the usage estimate shows 1.35 years of life were consumed during this one-year period. The mean RUL estimate is given by the expected insulation life minus the sum of the input usage value and the estimated usage: 20.5 -(17.2 + 1.35) = 1.95 years. Again, for the purposes of the demonstration, the upper and lower bounds on RUL are simply calculated to be 1.05 and 0.95 times the mean RUL. When a more meaningful definition is available, the service can be modified to make that calculation. 
SUMMARY AND FUTURE PLANS
This report presents the FY 2014 research activities associated with the OLM for active components, including:
• Identification of Type II prognostic models to estimate GSU elapsed insulation lifetime
• Implementation of two GSU prognostic models, i.e., remaining useful lifetime (RUL) signatures, in the FW-PHM RUL Database of the FW-PHM to allow estimation of GSU insulation lifetime by the RUL Advisor
• Demonstration of the prognostic capability of the FW-PHM Suite software at the Joint Summer Utility Working Group and 2014 EPRI Strategy Group on Productivity Meeting Idaho Falls, Idaho.
A total of 20 fault signatures have been implemented for GSUs in the AFS Database of the FW-PHM Suite software. Two prognostic models have been implemented for GSUs in the RUL Database. The Chendong model is based on the functional relationship between the degree of polymerization and 2-Furaldehyde concentration in the insulating oil. Degree of polymerization is one of the most commonly used metrics to assess the health of a transformer. The IEEE thermal model is based on thermal profiling of the transformer. By utilizing transformer load information, established thermal models are used to estimate hot spot temperatures inside the transformer, which in turn is used to compute insulation lifetime. The prognostic capability of the FW-PHM Suite software was used to demonstrate the estimation of remaining useful life for GSU transformers at the Joint Summer Utility Working Group and EPRI Strategy Group on Productivity Meeting Idaho Falls, Idaho.
There are several prognostic model types available in the base version of the FW-PHM Suite. These include linear, general path, and Weibull models. Application of the models to components in NPPs will require appropriate knowledge to select the correct model, as well as determine input parameters. It is likely the most useful results will come from application-specific models.
There are many potential directions for future research, including implementation of more sophisticated prognostic models for winding insulation degradation in GSUs. Ding and Wing (2008) presented a new degradation evolution equation for cellulose by defining a differential equation governing the time dependence of the accumulated DP degradation of cellulose. The associated reaction rate is temperature-dependent, allowing the insulation life of a transformer winding to be determined more accurately.
Another failure mechanism applicable to GSUs is oil degradation. Oil degradation is a complex process due to aging, high temperatures and chemical reactions such as oxidation. Mineral oil, when subjected to thermal and electrical stresses in an oxidizing atmosphere, gradually loses stability, decomposes and oxidizes, increasing acidity and eventually producing mud. Most oxidation by-products will have a negative effect on the electrical properties of the oil. The carboxylic acids produced will either dissolve in the oil or volatilize into the headspace. Dissolved acids may cause damage to the paper and copper windings, while volatile acids corrode the top of the unit. As a result, the aging process creates conditions harmful to the transformer. Meshkatoddini (2008) uses an Arrhenius equation to predict the RUL of transformer oil from the oil temperature history, which can be estimated as described in Section 4.3.1 for a given load Equation (24).
Assessment of transformer aging condition based on the combined test results from multiple health condition tests is expected to improve the accuracy of RUL prediction. There are many ways to combine results, including principal component or factor analysis. One approach is to select the parameters most closely related to insulation aging, then ranking them. Li et al., introduced the concept of Aging Index, which represents a practical tool to combine the results of routine inspections, site and laboratory testing to estimate the aging condition of transformer.
Additionally, implementation of prognostic models for other active components of interest in NPPs, such as pumps or electric motors, would be of interest. Table A . Correlation Models between 2FAL and DP.
APPENDIX A
Model
Derived 2FAL-DP Correlation Chendong (Chendong, 1991) log ( Vuarchex (Cheim et al., 2012) log (2 ) 
